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A B S T R A C T
The steam gasiﬁcation and co-gasiﬁcation reactivity and kinetics of coconut shells, oil palm shells and bamboo
guadua were studied from an isothermal thermogravimetric analysis, with temperatures ranging from 750 °C to
900 °C, and steam partial pressures from 3 to 10 kPa. In the analyzed experimental range, inorganics were
identiﬁed as the most inﬂuential parameter in biomass reactivity and kinetics. Accordingly, a new modeling
approach is proposed to predict the gasiﬁcation behavior of lignocellulosic agrowaste based on their inorganic
composition. A good agreement between the experimental and modeled data was found, showing that the
proposed approach is suitable for the description and prediction of the gasiﬁcation behavior of biomasses with
diﬀerent macromolecular structure and within a wide range of inorganic composition, and H/C and O/C ratios
near 1.5 and 0.8 respectively. This kinetic model could constitute a valuable tool for reactor design and scale-up
of steam gasiﬁcation facilities using tropical lignocellulosic feedstocks.
1. Introduction
Tropical regions are rich in biodiversity thanks to their geographic
location and climate conditions. In this regard, they are appropriate for
the development of agricultural activities and cultivation of a great
variety of crops. Several developing countries in tropical regions base
their economy in agriculture and farming and produce great amounts of
agro-wastes that usually remain under-exploited. These residues could
be valorized as biofuels or transformed into value-added products,
giving new development opportunities for local communities.
In this regard, gasiﬁcation is a very interesting thermochemical
process for the recovery of energy from agrowaste. In particular, steam
gasiﬁcation produces high heating value fuel gases that can be used for
the generation of heat and power [1–4]. However, the valorization of
agrowaste could have some restrictions. One of the most important is
probably the fact that agricultural residues availability often depends
on seasonal crops. Consequently, most gasiﬁcation facilities should
operate intermittently, or work with diﬀerent kind of residues or even
blends.
Several authors have highlighted the diﬀerences in the gasiﬁcation
behavior of chars from diﬀerent biomasses. In particular, the inorganic
elements are reported to be the most inﬂuential parameter in the steam
gasiﬁcation reactivity and conversion proﬁle [5,6]. Alkali and alkali
earth metals (AAEM) like K, Na, Ca and Mg, which are present in in-
digenous biomass could have a catalytic eﬀect on biomass gasiﬁcation
[7]. Among these elements, K has been reported to be the most active
species for steam and CO2 gasiﬁcation of charcoal and biomass [8,9]. In
contrast, Si, Al or P may inhibit this catalytic eﬀect, as they tend to react
with AAEM [10,11].
Most studies related to the impact of inorganics in the gasiﬁcation
behavior of biomasses use impregnation techniques to modify the
composition of the samples [8,12–15]. In general, these treatments
allow a good understanding of the eﬀects of inorganics on gasiﬁcation.
However, the behavior of impregnated inorganic elements may diﬀer
from the one of inorganic elements in their natural form and distribu-
tion in biomass. In this regard, Dupont et al. [16] studied 21 samples of
woody biomasses, conﬁrming the beneﬁcial impact of K and the in-
hibitory eﬀect of Si in the indigenous biomass.
Generally, authors analyze the gasiﬁcation behavior of biomasses
individually. Nevertheless, most gasiﬁcation applications in developing
countries should work with diﬀerent kind of residues or blends de-
pending on their availability. In this context, the understanding of the
impact of biomass characteristics and blends interactions in their ga-
siﬁcation behavior is important in order to properly adapt the process
parameters and conditions to the application.
To describe the steam gasiﬁcation behavior of biomasses, several
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authors have proposed diﬀerent kinetic approaches, some of them in-
corporating the impact of inorganic elements. In this regard, Kajita
et al. [17] considered that gasiﬁcation occurs in a parallel reaction
scheme and developed a dual Langmuir-Hinshelwood model, identi-
fying K as the main catalytic element. This study highlighted the ben-
eﬁcial impact of K, but did not deal with other inorganic elements
present in biomasses. For their part, Zhang et al. [10] analyzed the
inﬂuence of AAEM and Si in the gasiﬁcation behavior of diﬀerent
biomasses. They proposed a modiﬁed random pore model, introducing
two dimensionless parameters that depends on the inorganic content of
samples. Even when the calculation method of these parameters was
not explicitly presented, the authors concluded that the gasiﬁcation
reactivities of biomasses are governed mainly by the amount of in-
organic species. More recently, Dupont et al. [6] proposed a kinetic
approach with two diﬀerent kinetic laws for biomasses with inorganic
ratio K/Si+ P > 1 and K/Si+ P < 1. A zeroth-order and a volu-
metric ﬁrst-order model were found to describe the behavior of sam-
ples, respectively. Furthermore, in the case of biomasses with K/
Si+ P > 1, the authors suggest that the gasiﬁcation kinetics can be
predicted simply through the knowledge of the K content of the sample.
Even when the proposed approach in this work can satisfactorily esti-
mate the behavior of biomasses within a wide range of inorganic
compositions, the conversion of samples with intermediate values of
inorganic ratio (K/Si+ P≈ 1) is not completely described. The authors
stated that the decomposition of these biomasses can be estimated ei-
ther with a zeroth or a ﬁrst order law. Additionally, concerning the
analysis of the simultaneous steam gasiﬁcation of diﬀerent kind of
biomasses and their kinetic modeling, no studies have been found in the
literature until now.
Accordingly, the aim of this work is to study the steam gasiﬁcation
behavior of three tropical lignocellulosic biomasses and their blends,
from an isothermal thermogravimetric analysis. The inﬂuence of the
gasiﬁcation temperature and steam partial pressure on the gasiﬁcation
reactivity of biomasses was discussed. Also, the impact of biomasses
and blends composition on the gasiﬁcation reactivity and kinetics was
analyzed. An approach using model-free isoconversional methods and
generalized master plots was used to determine the gasiﬁcation kinetic
parameters of the samples and compare their decomposition behavior.
As a result, a new model with a unique kinetic equation is proposed to
describe and predict the steam gasiﬁcation behavior of tropical lig-
nocellulosic agrowastes based on their inorganic composition.
2. Materials and methods
2.1. Biomass samples
Three tropical lignocellulosic feedstocks were selected for this
study: oil palm shells (OPS), coconut shells (CS) and bamboo guadua
(BG). The samples were collected in Colombia, South America, and
were provided by a palm oil extraction plant, a food processing in-
dustry, and a furniture and handicraft construction site, respectively.
The origin of selected samples has been detailed on a previous work
[18]. The chemical composition of the biomasses was determined ac-
cording to the standards of solid biofuels with at least three replicates,
and is presented in Tables 1 and 2.
Elemental composition (C, H, N, S, and O) was determined using a
Themoquest NA 2000 elemental analyzer, while inorganic speciation
was determined using an HORIBA Jobin Yvon Ultima 2 inductively
coupled plasma optical emission spectrometer (ICP-OES), based on EN
16967 standard. Proximate analysis was calculated according to the
standards EN ISO 18134-3, EN ISO 18123 and EN ISO 18122, respec-
tively. Molecular composition of the biomasses is referred to literature
reported values [19–21].
The raw biomasses were milled and sieved to a size range between
100 μm and 150 μm before TGA. The characteristic time analysis of the
experiments showed that under the presented conditions, limitations by
heat or mass transfer can be neglected. Bi-component biomass blends
were prepared after milling and sieving using diﬀerent proportions.
2.2. Isothermal TGA gasiﬁcation experiments
Raw biomasses and biomass blends gasiﬁcation under steam was
performed using a Seratam TG-ATD 92 thermal analyzer, coupled with
a Wetsys humid gas generator. Approximately 20mg of each sample
were placed in an aluminum crucible and heated from 25 °C to the ﬁnal
gasiﬁcation temperature (750 °C, 800 °C and 900 °C) at a heating rate of
10 °C/min, under an inert atmosphere. After 10min, the measured mass
loss of the sample was below 0.01%/min and then, it was considered
that the pyrolysis stage has ﬁnished. The atmosphere was then switched
to a mixture of H2O/N2 (steam partial pressure from 3.7 kPa to 10 kPa).
The total ﬂow rate was 4 L/h for all the experiments.
TGA experiments were conducted twice and averaged to verify their
repeatability. A blank test was made for each experimental condition to
exclude buoyancy eﬀects. For each experimental condition, the re-
peatability was found to be satisfactory, as the calculated standard
deviation of the mass loss was below 1%.
2.3. Reactivity and kinetic study
2.3.1. Theoretical background
The isothermal gasiﬁcation experiments described are the basis of
the kinetic analysis of biomasses decomposition under a steam atmo-
sphere. The degree of conversion or reaction extent during gasiﬁcation
is deﬁned as in Eq. (1):
Nomenclature
α degree of conversion or reaction extent (−)
A frequency factor or pre-exponential factor (min−1)
BG bamboo guadua
CS coconut shells
dα/dt decomposition rate (−)
daf dry ash free
Ea activation energy (kJ/mol)
OPS oil palm shells
PH2O steam partial pressure (kPa)
R ideal gas constant: 8.3144 J/mol K
t time (min)
T temperature (°C, K)
Table 1
Organic composition of studied biomasses.
OPS CS BG
Elemental Analysis
(wt% daf)
C 46.7 ± 0.2 46.8 ± 0.2 42.7 ± 0.3
H 6.5 ± 0.1 5.8 ± 0.1 5.4 ± 0.1
O* 46.2 ± 0.1 47.1 ± 0.1 51.5 ± 0.1
N 0.6 ± 0.1 0.3 ± 0.1 0.4 ± 0.1
O/C 0.7 ± 0.1 0.7 ± 0.1 0.9 ± 0.1
H/C 1.7 ± 0.1 1.5 ± 0.1 1.5 ± 0.1
Proximate analysis
(wt% dry basis)
Volatile Matter 77.2 ± 0.3 79.5 ± 0.3 75.1 ± 0.2
Fixed Carbon* 20.9 ± 0.3 19.1 ± 0.2 19.9 ± 0.3
Ash 1.7 ± 0.2 1.4 ± 0.1 5.0 ± 0.4
Molecular
composition (wt
% daf)
Cellulose 30.4 32.5 53.9
Hemicellulose 12.7 20.5 13.5
Lignin 49.8 36.5 25.1
* Calculated by diﬀerence.
= −−α t m m tm m( ) ( )f00 (1)
where m0 is the mass of the sample at the beginning of the gasiﬁcation
stage, mf the ﬁnal mass, and m the current mass at a given time. Ac-
cording to this, the apparent gasiﬁcation reactivity can be deﬁned as a
function of the conversion degree α:
= −R α α dαdt( ) 11 · (2)
Moreover, the gasiﬁcation reaction rate dα/dt can described as in
Eq. (3):
=dα
dt
k T h P f α( ) ( ) ( )H O2 (3)
where k(T) is the Arrhenius equation, representing the temperature
dependence of the process, h(P) the relation expressing the gasiﬁcation
agent partial pressure dependence, and f(α) the reaction model function
representing how the solid state decomposition process occurs. Dif-
ferent authors have suggested that the inﬂuence of the reactive atmo-
sphere partial pressure in the reaction rate is described by a power law
with a constant exponent value, for almost all conversion levels
[22–24].
According to this, the reaction rate can be then written as follows:
= −dα
dt
A E RT P f αexp( / ) ( )a H On2 (4)
2.3.2. Isoconversional model free approach
In this study, an isoconversional model-free approach was used to
determine the Arrhenius parameters of steam gasiﬁcation of biomasses.
Isoconversional methods are based on the hypothesis that the reaction
rate at a constant degree of conversion is only a function of temperature
and pressure, and then, the activation energy of the process can be
calculated without a previous assumption of the reaction model
[24,25]. Also, the dependency of Ea with α can give information about
the existence of a single-step or multi-step kinetics [26].
Besides the calculation of the apparent activation energy, the ap-
propriate determination of the decomposition model describing the
process is also important, as the wrong assumption of the
decomposition mechanism could cause the misestimation of the kinetic
parameters and an inaccurate interpretation of the process.
For biomass and coal gasiﬁcation, three models are generally used
in the literature for the description of char conversion. The volumetric
model (VM), the shrinking core model (SCM), and the random pore
model (RPM). Several studies have shown good agreement between
experimental results and the three presented models, regardless of the
diﬀerences in their theoretical background [27–30]. However, as there
is not any relationship established between the biomass characteristics
and the decomposition mechanism, no theoretical models were pre-
supposed in this study. Isoconversional model-free methods and the
generalized master-plots approach were used for the selection of the
reaction expression that better describes the steam gasiﬁcation process
[31,32]. Some solid-state reaction models used for char gasiﬁcation or
combustion description are presented in Table 3.
For isothermal experiments, the reduced-generalized reaction rate
expression λ(α) in Eq. (5) can be simpliﬁed and calculated without the
previous knowledge of the activation energy Ea.
= ==λ α f αf α dα dtdα dt exp E RTexp E RT( ) ( )( ) /( / ) ( / )( / )α aa0.5 0.5 0.5 (5)
The most suitable f(α) model can be then identiﬁed as the best
match between the experimental λ(α) values and the master-plots
calculated from theoretical models. The generalized master-plots of the
reaction models presented in Table 3 and calculated according to Eq.
(5), are presented in Fig. 1.
3. Results and discussion
3.1. Impact of temperature and steam partial pressure on gasiﬁcation
reactivity
Fig. 2 presents the conversion degree α as a function of time of
coconut shells (CS), at three diﬀerent gasiﬁcation temperatures and a
steam partial pressure of 3.7 kPa. It is possible to observe that the ga-
siﬁcation conversion rate is highly dependent on the temperature. An
increase in the gasiﬁcation temperature is associated with a reduction
of the time required to reach a speciﬁc conversion degree. Accordingly,
shorter reaction times are related to higher gasiﬁcation reactivities.
In this regard, Table 4 summarizes the steam gasiﬁcation reactivity
and reaction time at a conversion degree of 50% for the three raw
biomasses analyzed. For all the samples, it is possible to observe that
higher gasiﬁcation temperatures are associated to higher reactivities
and shorter reaction times. For instance, it is possible to notice that a
temperature rise from 750 °C to 800 °C, increases twice the steam ga-
siﬁcation reactivity of CS. Moreover, at 900 °C, its reactivity is 6.6 times
higher compared to 800 °C. The same trend was observed for BG and
OPS.
The results obtained in the analyzed temperature range are in ac-
cordance with those presented in the literature. As already described by
several authors for CO2 and steam atmospheres, at higher temperatures,
Table 2
Inorganic composition of studied biomasses.
OPS CS BG
Inorganic composition (mg/
kg dry biomass)
Al 1 500 ± 22 262 ± 8 243 ± 34
Ca 54 ± 6 391 ± 73 441 ± 99
Fe 107 ± 4 160 ± 28 116 ± 17
K 1 006 ± 15 2 808 ± 44 5 360 ± 85
Mg 135 ± 3 170 ± 15 173 ± 10
Na 1.5 ± 0.5 33 ± 11 2 ± 0.8
P 270 ± 7 397 ± 40 829 ± 62
Si 5 600 ± 39 309 ± 43 19 372 ± 354
Table 3
Most common reaction mechanisms used in solid state kinetic analysis [24,26].
Model f(α) g(α)
Order based Or1 – First order 1− α −ln(1− α)
Or2 – Second order (1− α)2 [1/(1− α)]− 1
Or3 – Third order (1− α)3 1/2[1/(1− α)2]− 1
Or n – nth order (1− α)n [1/(n− 1)][(1− α)(1−n)− 1]
Diﬀusion D1 – One dimensional 1/(2α) α2
D2 – two dimensional [−ln(1− α)]−1 α+(1− α)ln(1− α)
D3 – Three dimensional (3/2)(1− α)2/3[1− (1− α)1/3]−1 [1− (1− α)1/3]2
Geometrical contraction R2 – Contracting area 2(1− α)1/2 1− (1− α)1/2
R3 – Contracting volume 3(1− α)2/3 1− (1− α)1/3
the gasiﬁcation process requires shorter times to be completed [33–36].
Regarding steam partial pressure, the conversion proﬁle of coconut
shells (CS) can be observed in Fig. 3 at three diﬀerent steam partial
pressures and an intermediate gasiﬁcation temperature of 800 °C. It can
be noticed that an augmentation of this parameter is also associated
with a decrease in the reaction time. Indeed, a higher steam partial
pressure indicates a greater steam quantity available to react during the
gasiﬁcation stage, explaining the increase in the gasiﬁcation rate of
biomasses. At 800 °C, CS reactivity at a conversion degree of 50% in-
creased from 3.2min−1 to 4.2 min−1 with a steam partial pressure rise
from 3.7 kPa to 10 kPa. For its part, reaction time decreased from
67min to 32min, respectively. As observed with temperature, at higher
steam partial pressures, the gasiﬁcation process requires shorter times
to be completed.
According to this and considering Eq. (4), it is possible to determine
the exponent n of the power law describing the inﬂuence of the steam
partial pressure PH2O on the reaction rate. For each conversion degree,
this value was calculated from the slope of the plot ln (dα/dt) vs ln
(PH2O), using at least three gasiﬁcation conditions. For the three raw
biomasses analyzed, n remained nearly constant during all the con-
version range, with a mean value of 0.5 and a standard deviation of 0.1.
This result is in agreement with the values reported by diﬀerent authors
between 0.4 and 0.8 for steam gasiﬁcation of biomass and coal
[16,22,37].
3.2. Impact of feedstock characteristics on steam gasiﬁcation reactivity
The impact of the feedstock characteristics on the steam gasiﬁcation
reactivity was studied comparing the behavior of the three selected
materials and their blends under diﬀerent gasiﬁcation conditions. As an
example, the conversion proﬁle of the raw biomasses at a gasiﬁcation
temperature of 800 °C and a steam partial pressure of 3.7 kPa is pre-
sented in Fig. 4. It is possible to notice that the behavior of the three
samples is notably diﬀerent. In particular, CS conversion rate is nearly
constant and tends to increase at high conversion levels, while OPS and
BG conversion rate seems to decrease with time. This behavior was the
same under all the analyzed experimental conditions.
Therefore, the gasiﬁcation behavior does not seem to be related to
the macromolecular composition of biomasses. Even when the hemi-
cellulose, cellulose and lignin content of coconut shells and oil palm
shells are similar, their gasiﬁcation conversion proﬁles are clearly dif-
ferent. Moreover, the behavior of oil palm shells and bamboo guadua
are quite similar.
To better understand this, the Fig. 5 shows the conversion proﬁle of
coconut shells (CS) and bamboo guadua (BG), at three diﬀerent gasi-
ﬁcation temperatures and a steam partial pressures of 10 kPa.
For the analyzed experimental conditions, it can be noticed that CS
conversion rate is nearly constant and tends to increase at high con-
version levels, as described previously. In contrast, BG conversion rate
seems to decrease with time. Also, it can be observed that for a speciﬁc
conversion degree, there is an important diﬀerence in the reaction time
of both biomasses. For instance, at 800 °C and 10 kPa, CS total con-
version was reached after 55min, while BG took more than 300min.
This behavior shows that CS have a higher gasiﬁcation reactivity
compared to BG. The reactivity of the three selected biomasses was
already highlighted in Table 4. It was possible to observe that CS re-
activity is always higher compared with BG and OPS.
These diﬀerences can be related to the inherent inorganic content of
raw biomasses. In particular, it is possible to notice from Table 2, that
coconut shells contain mainly K, Ca, Al and P, while oil palm shells and
bamboo guadua are composed mainly of Si, Al, Ca and a little K. Dif-
ferent authors have identiﬁed the impact of inorganic elements in
biomass gasiﬁcation. Particularly, the catalytic eﬀect of alkaline and
alkaline earth metals (AAEM), and the inhibitory impact of Si, Al and P
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Fig. 1. Generalized master-plots of the reaction models presented in Table 1,
calculated according to Eq. (5).
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Fig. 2. Conversion degree α vs. time of coconut shells (CS) at three diﬀerent
gasiﬁcation temperatures and a steam partial pressure of 3.7 kPa.
Table 4
Steam gasiﬁcation reactivity and reaction time at 50% conversion. Steam partial pressure 3.7 kPa.
Sample 750 °C 800 °C 900 °C
Reactivity (% min−1) Reaction time (min) Reactivity (% min−1) Reaction time (min) Reactivity (% min−1) Reaction time (min)
100%CS 0.5 142.8 1.3 66.7 8.7 21.0
100%BG 0.2 234.6 0.7 83.4 4.1 21.5
100%OPS 0.2 236.4 0.5 127.8 2.5 24.8
0
20
40
60
80
100
0 25 50 75 100 125 150
α
(%
)
Temps (min)
3.7 kPa 6,1 kPa 10 kPa
Fig. 3. Conversion degree α vs. time of coconut shells (CS) at three diﬀerent
steam partial pressures and 800 °C.
[10,17,38]. In this regard, Dupont et al. [6], proposed a relevant cor-
relation between the biomass gasiﬁcation behavior and the inorganic
ratio K/(Si+ P). They found that biomasses with K/(Si+ P) above 1
show a constant decomposition rate with a slightly increase at high
conversion, while biomasses with K/(Si+ P) below 1 have a decreasing
rate along the whole conversion. According to this and taking into ac-
count that K has been reported to have the most beneﬁcial impact on
gasiﬁcation reactivity among AAEM [39], the inorganic ratio K/
(Si+ P) will be used in this study to characterize and compare the
inorganic composition of the selected biomasses.
The observed gasiﬁcation behavior of the three analyzed biomasses
may suggest that despite the diﬀerences in the macromolecular con-
stituents, the inorganic composition of samples is the most important
parameter that inﬂuences their steam gasiﬁcation behavior. To better
understand this impact, the gasiﬁcation of diﬀerent biomass blends was
also studied. The inorganic ratio K/(Si+ P) was calculated for each
sample and is presented in Table 5.
From experiments, it was possible to notice that the behavior of
biomass blends is not clearly related to the mass blending ratio, but to
the inorganic composition of the blend, calculated from the inorganic
content of the individual samples.
The analysis of the gasiﬁcation conversion proﬁles, showed that the
behavior of blends is not additive, if compared to raw biomasses.
Moreover, it is not possible to describe synergistic or inhibitory eﬀects
as a function of the biomass blend ratio. Since limitations by heat or
mass transfer can be neglected under the presented experimental con-
ditions, this behavior suggests that the interactions between biomasses
are notably related to their inorganic content. For the analyzed bio-
masses and blends, it was noted that the conversion rate increased with
the K/(Si+ P) ratio of the sample. In this regard, a linear relationship
was found between the biomass reactivity and the inorganic ratio K/
(Si+ P) of samples, in the analyzed temperature range, as observed in
Fig. 6. This result, conﬁrms the fact that the inorganic species of the
biomasses have an impact on their gasiﬁcation behavior. The
gasiﬁcation reactivity increases with the inorganic ratio, highlighting
the beneﬁcial eﬀect of K. In contrast, higher quantities of Si and P could
react with K and other AAEM, inhibiting their impact in gasiﬁcation
reactions, and reducing the biomass gasiﬁcation reactivity.
This observation may have an important impact in real gasiﬁcation
applications. As already discussed, biomasses with lower reactivities
require longer gasiﬁcation times or higher working temperatures to
achieve a desired conversion level, impacting the energy consumption
of the process. Thus, according to the feedstock characteristics, the
process parameters and conditions should be properly adapted.
3.3. Steam gasiﬁcation kinetic analysis
To better understand the impact of the inorganic composition on the
biomass gasiﬁcation behavior, a kinetic analysis was performed. As
already presented, the decomposition curves (α Vs t) of biomasses or
blends were analyzed using isoconversional methods in order to
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Fig. 4. Conversion proﬁle of the selected biomasses at 800 °C and a steam
partial pressure of 3.7 kPa.
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Fig. 5. Conversion degree vs. time of CS and BG at diﬀerent gasiﬁcation temperatures. a) CS – 10 kPa, b) BG – 10 kPa.
Table 5
Calculated inorganic ratio K/Si+ P of analyzed biomasses
and blends.
Biomass/blend K/(Si+P) (−)
100% CS 3.98
100% BG 0.20
100% OPS 0.17
90%CS – 10%BG 1.18
85%CS – 15%BG 0.92
75%CS – 25%BG 0.61
50%CS – 50%BG 0.39
90%CS – 10%OPS 2.15
85%CS – 15%OPS 1.71
75%CS – 25%OPS 1.03
50%CS – 50%OPS 0.58
R² = 0.9202
R² = 0.985
R² = 0.7203
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Fig. 6. Steam gasiﬁcation reactivity at a conversion degree of 50% of biomasses
and blends at diﬀerent temperatures and a steam partial pressure of 3.7 kPa.
determine their kinetic triplet Ea, A and f(α).
Firstly, the most suitable reaction model that describes the bio-
masses gasiﬁcation was determined using the generalized master plots
approach. In general, it was observed that for all the analyzed mate-
rials, the decomposition model that best ﬁt the gasiﬁcation behavior is
independent of the temperature and the steam partial pressure. This is
the case for many solid-state reactions and was expected for steam
gasiﬁcation [26]. To better understand and compare the diﬀerences in
the identiﬁed reaction models, the gasiﬁcation behavior of the samples
was described as a reaction order model, where n is the reaction order
with respect to the reacting solid, as presented in Table 3.
As already stated, for the analyzed biomasses and blends, it was
observed that the identiﬁed reaction model depends on the inorganic
composition. Fig. 7a shows that the feedstocks with inorganic ratio
closer or higher than 1 match closely the theoretical plot of a zeroth-
order model (Or0) in almost all the conversion range. This result is in
accordance with diﬀerent authors that found that catalytic gasiﬁcation
can be properly described by a reaction order 0 with respect to the
reactive solid [17,40,41]. The divergences observed at conversion le-
vels above 60% are possibly related to the catalytic impact of K that
becomes more evident at the end of the gasiﬁcation, when the relative
proportion of inorganics compared to carbon is higher.
In contrast, it can be noticed that for the biomasses and blends with
inorganic ratio below 1 the most suitable reaction model identiﬁed with
generalized master plots varies. With the decrease of the inorganic
ratio, the reaction model moves away from a zeroth-order model and
goes towards a second-order model. From Fig. 7b–d it is possible to
observe that BG behavior is close to a reaction order 1.5, while the
blends 50%CS–50%BG and 75%CS–25%BG approach a reaction order 1
and 0.7 respectively.
From these results, it can be noticed that there is a linear and in-
verse relationship between the identiﬁed order of reaction and the in-
organic ratio of the sample, as presented in Fig. 8.
The observed increase in the reaction order with the decrease in the
inorganic ratio could be related to the inhibition of K catalytic impact
by Si and P. The higher the Si and P content, the stronger the inhibition
impact, and then, the lower the gasiﬁcation reaction rate. This trend is
in accordance with related studies which found that Si and P tend to
react with AAEM reducing their catalytic impact in gasiﬁcation beha-
vior [39].
Similarly, in the case of samples with K/(Si+ P) higher that one,
the catalytic impact of steam gasiﬁcation also depends on the inorganic
ratio. Fig. 9 shows that even when all the samples seem to follow a
zeroth order reaction, the higher the K/(Si+ P) content, the stronger
the catalytic eﬀect. Consequently, the total gasiﬁcation time was the
lowest for the biomass with the highest inorganic ratio. Moreover, the
acceleration of gasiﬁcation rate at the end of the conversion is more
important for the biomass with the highest inorganic ratio. As already
0.0
1.0
2.0
3.0
4.0
5.0
6.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
α
)
α
a) 100%CS 800°C_3.7kPa
100%CS 900°C_3.7kPa
100%CS 750°C_3.7kPa
90%CS 10%BG 800°C_3.7kPa
75%CS 25%OPS 800°C_3.7kPa
0.0
1.0
2.0
3.0
4.0
5.0
6.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
α
)
α
d) 100%BG 750°C_3.7kPa
100°BG 750°C_10kPa
100%BG 800°C_3.7kPa
100%BG 800°C_10kPa
0.0
1.0
2.0
3.0
4.0
5.0
6.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
α
)
α
c) 50%CS 50%BG 750°C_3.7kPa
50%CS 50%BG 800°C_3.7kPa
50%CS 50%BG 900°C_3.7kPa
50%CS 50%BG 800°C_10kPa
0.0
1.0
2.0
3.0
4.0
5.0
6.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
λ(
α
)
α
b) 75%CS 25%BG 800°C_3.7kPa
75%CS 25%BG 750°C_3.7kPa
75%CS 25%BG 800°C_10kPa
Or 0
Or 1 Or 1.5
Or 0.7
Fig. 7. Comparison between the theoretical and experimental master plots of some analyzed samples and blends.
y = -1.6171x + 1.6389
R² = 0.9363
0.0
0.5
1.0
1.5
2.0
0.0 0.5 1.0 1.5
n 
(-
)
K/Si+P (-)
Fig. 8. Identiﬁed reaction order vs. inorganic ratio of analyzed samples.
0
20
40
60
80
100
0 50 100 150 200
α
(%
)
Temps (min)
100%CS 90%CS 10%BG 75%CS 25%OPS
3.9
1.2
1.0
Fig. 9. Conversion proﬁle of diﬀerent samples with inorganic ratio higher than
1 at 800 °C and 3.7 kPa. The calculated inorganic ratio of the samples is in-
dicated next to each curve.
discussed, this behavior is possibly related to the catalytic impact of K
that becomes more evident when the relative proportion of inorganics
compared to carbon is higher.
According to these results and in agreement to previous work in the
literature, it is possible to say that the steam gasiﬁcation behavior of
biomasses with K/(Si+ P) below one follow a non-catalytic me-
chanism, contrary to biomasses with K/(Si+ P) higher than one. The
variation in the reaction order identiﬁed could be due to the interac-
tions between the inorganic constituents of the biomass. In particular,
Si and P could react with K and other AAEM to form alkali silicates,
restraining their catalytic impact [10].
After the identiﬁcation of the appropriate reaction model, the ap-
parent activation energy Ea was determined from the slope of the iso-
conversional plots regression lines. For all the analyzed samples, the
mean apparent Ea calculated was 134 kJ/mol, with a variation coeﬃ-
cient of 6% between the samples. The apparent activation energy cal-
culated in this study is in agreement with diﬀerent values reported in
the literature for biomass steam gasiﬁcation [16,36,42,43].
According to Fig. 10, no relationship was found between the ap-
parent activation energy and the inorganic coeﬃcient of biomasses and
blends. For all the analyzed samples, the calculated Ea remained almost
constant with the reaction extent α, with variation coeﬃcients below
15%. This result indicates that the Ea and the reaction model selected
using master-plots approach are suitable for the description of the
samples gasiﬁcation during all the conversion range. Finally, the pre-
exponential factor was determined from Eq. (4). A mean value of
1.35× 104min−1 kPa−0.5 was calculated for all the analyzed bio-
masses and blends. From these results, a kinetic equation that describes
the behavior of biomasses and blends as a function of their inorganic
content is proposed:
= ⎛⎝− ⎞⎠ −Pdαdt exp RT α k13500 134000 (1 )n0.5 1 (6a)
where P is the steam partial pressure, n the theoretical model reaction
order, and k1 a coeﬃcient that takes into account the diﬀerences ob-
served between the gasiﬁcation reaction rate of the biomasses that
follow a zeroth-order model. Thus, the reaction order n and the coef-
ﬁcient k1 depends on the inorganic ratio K/(Si+ P) as follows: If K/
(Si+ P)≥ 1=n 0 (7b)
= ⎛⎝ + ⎞⎠+k KSi P0.15 0.71 (7c)
If K/(Si+ P) < 1
= − ⎛⎝ + ⎞⎠+n KSi P1.62 1.64 (7d)=k 11 (7e)
Unlike the existing models that propose diﬀerent kinetic laws for
catalytic and non-catalytic gasiﬁcation [6,17], it is worth mentioning
that the presented kinetic equation (Eq. (6a)) allows the description of
the steam gasiﬁcation behavior of biomasses within a wide range of
inorganic compositions, including those with an inorganic ratio close to
1. Moreover, the coeﬃcient k1 was found to be proportional to the
inorganic ratio K/(Si+ P) and not to the K content, for the samples that
follow a zeroth-order model. In this regard, the presented kinetic ap-
proach facilitates the understanding of the inﬂuence of biomass in-
organic species and their interactions, on the steam gasiﬁcation process.
Furthermore, it conﬁrms the validity of the inorganic ratio K/Si+ P
proposed by Hognon et al. [38] to describe biomasses and predict their
steam gasiﬁcation behavior.
The proposed kinetic equation was validated and used to reproduce
the gasiﬁcation behavior of the studied biomasses and their blends. For
all the analyzed samples and gasiﬁcation conditions, a good agreement
was found between the experimental and the calculated data.
TheﬁterrorEwasdeterminedaccordingtoEq.(8),
= ⎛
⎝
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⎠
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( ) ( )
( )E N(%) 100 ( )
dα
dt exp
dα
dt calc
dα
dt exp max
2
,
(8)
where dα/dt are the experimental and calculated values of the decom-
position rate, and N is the total number of experimental points [44].
The calculated ﬁtting error was below 7% in all cases. This value
was considered reasonable, taking into account the heterogeneity of the
biomasses and the incertitude in the measurement of their inorganic
composition. Fig. 11 shows the comparison between the experimental
results and the model predictions of some analyzed samples. From this
ﬁgure, it can be noticed that the conversion behavior of biomasses and
blends is well described by the proposed kinetic model, highlighting the
impact of inorganic composition on the steam gasiﬁcation kinetics of
lignocellulosic biomasses. The low ﬁtting error showed that the pre-
sented kinetic equation (Eq. (6a)) is suitable for the description and
prediction of the gasiﬁcation behavior of biomasses or blends based on
their inorganic composition.
4. Conclusion
The steam gasiﬁcation of coconut shells (CS), oil palms shells (OPS)
and bamboo guadua (BG) was analyzed under diﬀerent experimental
conditions. Despite the diﬀerences in their macromolecular composi-
tion, inorganics showed to be the most important parameter inﬂuencing
the biomass gasiﬁcation reactivity and kinetics. The results conﬁrmed
the beneﬁcial impact of K in gasiﬁcation and the inhibitory eﬀect of Si
and P. Accordingly, a new kinetic equation considering the inorganic
composition of feedstocks was proposed. This approach proved to be
suitable for the description and prediction of the gasiﬁcation behavior
of lignocellulosic biomasses within a wide range of inorganic compo-
sitions, and H/C and O/C ratios near 1.5 and 0.8 respectively.
Furthermore, it was evidenced that the co-gasiﬁcation behavior of
biomasses in the presented range can be predicted from the inorganic
composition of the individual feedstocks. In future work, the presented
approach can be expanded to other lignocellulosic residues and a wider
range of blends.
As a result, the proposed kinetic model could constitute a valuable
tool for reactor design and for the development and scale-up of steam
gasiﬁcation facilities using tropical lignocellulosic feedstocks. In parti-
cular, taking into account that residual biomass availability is variable,
this approach could be useful in applications where diﬀerent kind of
residues should be gasiﬁed at the same time.
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